INTRODUCTION
Fatigue life in structural members can be subdivided into the life until fatigue cracks initiate (crack initiation life: Nc) and life until these fatigue cracks propagate to the failure of member (crack propagation life: Np). In welded joints, it was said that fatigue cracks initiated at the early period of the life, and that has been confirmed experimentally in actual weldments by recent studies1),2),3). Accordingly, accurate evaluation of Np is very important in avoiding the fatigue failure of existing structures and in performing fatigue design for new structures.
For the evaluation of Np, it is valid to apply the fracture mechanics concepts of fatigue crack propagation using the relation between stress intensity factor range (4K) and fatigue crack propagation rate (da/dN).
But fatigue crack propagation rate is affected by many factors such as mechanical properties and microstructure of steel5)-8). Further, in welded joints, it is also necessary to consider the difference in composition such as weld metal, base metal and heat affected zone, and particularly the influence of residual welding stress.
Horikawa et a1.9) indicated that fatigue crack propagation rate is accelerated by tensile residual stress and explained this phenomenon by using the behavior of fatigue crack closure. Ohta et al. 10 ) examined the propagation of fatigue cracks in butt weld joints and showed that due to the tensile residual stress by welding, propagation rate in butt weld joints is higher than in base metal. The authors et al.3),11),12) clarified that the reduction in fatigue strength due to residual welding stress is substantial in partially penetrated longitudinal welds.
The main objective of this paper is to clarify the influence of residual welding stress on the fatigue crack propagation rate.
With actual structures, there are many cases that most of the life is spent while propagation occurred in a region of small 4K3),11)19). Therefore, fatigue crack propagation tests are carried out in the wide region of AK including threshold stress intensity factor range (AKh).
The change of residual stress with fatigue crack propagation is also examined.
METHOD OF TESTING
(1) Specimens The steel for testing is 800N/mm2 class quenched and tempered high tensile steel of 16mm in thickness. The mechanical properties and chemical compositions of the steel in the mill sheet are shown in Table 1 .
The configurations and dimensions of specimens are shown in Fig. 1 . The specimens consist of two types, type I in which the test section (fatigue crack propagation section) is base metal and type II in which the test section is welded metal.
In B and C type specimens, residual stress is introduced by placing one or two longitudinal weld-beads on the surface of specimens.
Butt weld of type II specimens and longitudinal bead were done by submerged arc welding. The groove shapes of the specimens are shown in Fig. 2 . In butt welding, at first the groove face was welded, and another face was welded after gouging.
The conditions of each welding are indicated in Table 2. (2) Fatigue Crack Propagation Tests Fatigue crack propagation tests were performed by using a hydraulic servo-controlled fatigue testing machine with dynamic capacity of 490 kN (50 t). The minimum stress in the fatigue tests is O, the wave form of loading is a sine wave, and repeating rate is 4Hz-30Hz.
Fatigue crack propagation tests consist of three kinds; (a) do-constant test in which stress range is kept constant (mainly dK>500N/mm3/2), by stages considering crack propagation rate (performed in order to obtain 4Kth) and (c) dK increasing test performed after dK decreasing test in which stress range is increased step by step.
In d K decreasing tests, in order to avoid the influence of decreasing of dK on the propagation of cracks, decreasing ratio of d K to crack growth length zl (dK)/da was set as under -49N/mm5/2. ASTM E-54 committee21) recommended that normalized K-gradient (C=1/K dK/da) is equal to or less than 0.08mm-1 in K decreasing test. However Ohta et al. 15 ) indicated that the requirement in the decreasing ratio 4(dK) /Aa is equal to or less than-98N/mm5/2 Consulting to these references and considering the efficiency of tests, the decreasing ratio in this study was determined.
The measurement of fatigue crack propagation rate were started after fatigue cracks were propagated to the length of 2mm (2a=12mm) on both sides of an artificial crack under the condition that stress intensity factor range (AK) is approximately 500N/mm2. The measurement With all types of the specimens, prescribed length slits which simulate fatigue cracks were made using a saw. The width of slit is about 0.5mm. The distribution of residual stress was measured under this condition.
Strain gages used in these tests were KFC-2-C1-11 (Kyowa Dengyo), 2mm in gage length and 2 mm in width. Fig. 4 shows the change of residual stresses with the propagation of fatigue cracks on each measuring point indicated in Fig. 3 . In this figure, the ordinate indicates residual stress and the abscissaa indicates the distance from the center of the specimenn to the tip of the fatigue crack (1/2 of the length of the crack).
PROPERTIES OF RESIDUAL WELDING STRESS
At the points of measurement No. 3, 4, 5 and 6, compressive residual stress existed at the early period, but it gradually changed with the propagation high stress concentration by the slit, the measured value of stress at the closest point to the slit tip is not so accurate, however these trends coincide with the results in Fig. 4 . Fig. 6 shows the similar results of measurement in C-I specimen.
On account of two longitudinal beads, tensile residual stress exists in the wide area.
The properties of the change of residual stress when the slit i s cut are same as those in Fig. 5 . Fig. 7 shows the results of measurement of residual stress when the slit of 40min in length exists in the specimens A-II, B-II and C-II. In A-II of butt welding, approximately 100N/ mm2 tensile residual stress exists in spite of no longitudinal bead.
The distribution of residual stress in the specimens B-II and C-II does not differ much from that in the specimens B-I and C-I considering the accuracy of the measurement. Fig. 8 shows the relation between fatigue crack propagation rate (da/dN) and the range of stress intensity factor (XK) obtainedd by fatigue crack propagation tests of the specimens. Two each of types of specimen were tested. Results of all the tests are summarized in Fig. 9 . It is well known that da/dN and dK is linear on a log scale4). In order to express the relationship da/dN and d K in the region of slow crack growth, Eq. (1) is available14),15). The applicability of this equation was confirmed and the adoption of this equation is in general22).
FATIGUE CRACK PROPAGATION RATE
da/dN=C(4K)m-C(4Kth)m(1) In A-I type specimens (base metal without longitudinal bead in Fig. 8 (a) the relation between da/dN and d K is approximately linear in the area where dK is above 400N/mm3/2. When A K is under 300N/mm3/2, fatigue crack propagation rate drastically reduces, and d Kth is 255N/ mm3/2 (26kg/mm3/2). C and n2 in Equation (1) was calculated by the least square method using the data, dK>400N/mm3/2. Then Eq. (1) is written as follows: da/dN=6.54x10-13(AK)275-2.71x10-6
(AK:N/mm3/2, da/dN:mm/cycle)
In A-II, B-I, B-II, C-I and C-II type specimens, The relations between da/dN and dK are approximately linear in the region where dK is above 150N/mm3/2. In C-I type specimen, fatigue crack did not grow under AK=78N/mm3/2.
For most materials it is practical define 4Ktb as 4K which corresponds to fatigue growth rate of 10-7mm/ cycle21). According to this definition, the value of 4Kth of each type specimen is about 90 N/mm3/2 for A-II and 78N/mm3/2 for B-II, C-I, C-II. Fig. 9 shows that in the specimens A-II, B-I, B-II, C-I and C-II types the relations between da/dN and 4K does not differ much. Consequently, with the results of these specimens, the relations between da/dN and dK were calculated making no distinction among them.
As the relation between da/dN and 4K is linear when ZK is above 150N/mm3/2, C and m were calculated by the least square method using these data. With 4Kth there exist only few data, but it is about 78N/mm3/2 (8kg/mm3/2). Then Eq. (1) is written as follows: da/dN=3.82x10-13(4K)2.95-9.37x10-8
In (b). (f) of Fig. 8 , the experiment data of each type of the specimens are compared with Equation (3). The equation shows good coincidence with the data of all types of the specimens. Accordingly, it can be said that in the sphere of this study the relation between da/dN and dK does not differ from each other as to whether fatigue cracks propagate in base metal or weld metal. Furthermore there were remarkable difference in the maximum tensile residual stress between A-II (1.00N/mm2) and B-I (400-500N/mm2) type specimen, the influence of this difference is almost imperceptible.
The broken line in each figure is the da/dN-dK relation obtained by Okumura et al20). This line is very close to the Eq. (2) in Fig. 8 (a) , and almost coincide with Eq. (3) in Fig. 8 (b) (f) in the linear da/dN-4K region.
In each type of the specimen, the value of experiment when 4K was under approximately 500N/mm3/2 was obtained by 4K decreasing tests. Fig. 10 shows the relation between the length of the crack (a) and range of stress (4o) and between the length of the crack (a) and range of stress intensity factor (AK) in 4 K decreasing tests on A-II specimen. As in all 4 K decreasing tests, decreasing ratio of AK to 4a is fixed, the relation is almost the same in other types of the specimens except A-I. In all types of the specimens except A-I, 4 Kt h was obtained when "a" was 14-1.5mm and Ao-was 101.2N/mm2.
The influence of residual stress on fatigue strength is sometimes considered as the rise of minimum stress or that of stress ratio16),17). However, it is difficult to estimate strictly stress ratio or stress intensity factor ratio at the tip of cracks which exist in the area of residual welding stress. In this paper, minimum and/or maximum stress are decided as a resultant obtained by adding nominal minimum and/or maximum stress given by the fatigue testing to the residual stress. When the stress history shown in Fig. 10 is given to the specimen, and when residual stress is 400 N/mm2, the stress ratio changes from 0. 77 (around 4K=500N/mm3/2) to 0.98 (around 4Kth) and when residual stress is 100 N/mm2, it changes from 0.45 (around 4K=500N/mm3/2) to 0.91 (around AKth).
However, in the region where 4k is under 300N/mm3/2, it is 0.95-0.98 in the former and 0.83-0.91 in the latter.
By contrast with the difference of the maximum tensile residual stress, the difference of stress ratio between them is very small. Furthermore, considering stress concentration by the crack, higher tensile residual stress exists on the tip of the crack in all the types of the specimens, and the difference in stress ratio among these specimens becomes smaller. If we consider that the influence of the residual stress on the fatigue crack propagation rate is similar to that of the rise of stress ratio, these are one of the causes that the relations between da/dN and 4K are almost the same in A-II, B-I, B-II, C-I and C-II type specimens.
In consideration of these results, it can be said that in the data of fatigue crack propagation rate obtained by 4K decreasing tests includes some effects by the decrease of 4K affected by residual welding stress. This effect, however, is not the cause of retardation of fatigue crack propagation generally admitted when 4K is decreased. Consequently, it is considered that if yielding on the tip of the crack by loading stress and the change of residual stress accompanying it can be ignored, the result obtained by 4 o constant tests (It is very difficult to obtain data around 4Kth) coincides with these results mentioned above.
FATIGUE CRACK PROPAGATION LIFE
As is clear in Fig. 9 , there exists big difference between Eq. (2) and Eq. (3) in the region where 4K is small, and they are close to each other in the area where 4K is above 400N/mm3/2.
The influence of the difference of these two crack growth curves on the crack growth life of structural members is examined by using the partially penetrated longitudinal joint in Fig. 11 as a model. Fatigue crack growth life is predicted on the following assumptions.
(i) Fatigue crack originates from a defect at the middle of plate-thickness, (ii) The initial defect is regarded as a pennyshaped crack with the radius ai, and fatigue crack grows keeping this shape. Consequently, stress intensity factor against this crack is calculated by the Eq. (4). era 4K=4oIra-sec. (iii) The final crack size (af) is supposed to be 90% of the distance from the point of crack initiation to the surface of plate. In this type welded joint, high tensile residual stress remains at weld metal portions and their vicinities.
Consequently, Eq. (3) is employed for the prediction of the fatigue crack growth life. In the case that residual stress is released by some process, the fatigue crack growth life of this joint is predicted by employing Eq. (2). By substituting Eq. (4) into Eq. (2) or Eq. (3) and integrating them from the length of the initial crack (a2) to that of the final crack (af), Np can be obtained. Fig. 12 shows the relations between stress range (do) and Np calculated from the Eqs. (2) and (3). The initial crack size (a2) is supposed to be 0.1 and 1.0mm.
The Ao-Np curves calculated from Eq. (2) and that from Eq. (3) greatly differ, and the difference is remarkable in the case of ai=0.1mm when Np is more than 105 cycles and in the case of ai=1mm when Np is more than 106 cycles. Most of the fatigue life of structural member is spent while crack propagation occurred in a region of small 4K3),11), 19) , therefore the accurate estimation of propagation rate in the region of small AK including zlKth is very important for the prediction of fatigue life.
CONCLUSION
The main findings of this study are summarized as follows:
(1) The distribution of residual welding stress changes with the propagation of fatigue cracks. Even if the fatigue crack propagates and enters into the area where compressive residual stress existed originally, tensile residual stress exists around the tip of the crack.
(2) The relation between da/d N and 4K in the specimen, base metal with no longitudinal bead, is roughly linear on a log scale in the region of 1K400 400N/mm2, and 4Kth is 255N/ mm3/2. Equation (2) is obtained from these results.
(3) There are 400-500N/mm2 of tensile residual stresses in the specimens, base metal with one or two longitudinal bead. In the specimen of weld metal with no longitudinal bead, 100N/mm2 of tensile residual stresses also existed. The relations between da/dN and 4K are approximately the same in spite of the difference of the maximum tensile residual stress and composition (base metal and weld metal) in these specimens. These data show that the relation is linear on a log scale in the region of AK> 150N/mm3/2, and 4 Kth is approximately 78N/ mm312. Equation (3) can be obtained from these results.
There exists big difference between Equation (2) and Equation (3) The authors wish to express their sincerest gratitude to all those mentioned above. 
